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SPECIAL  ISSUE  ON  COASTAL  LONG  TERM  ECOLOGICAL  RESEARCH 


Patterns  and  Controls  of  Nutrient 

Concentrations  in  a  Southeastern 
United  States  Tidal  Creek 


BY  CHARLES  A,  SlHUT  Tt,  KIweERltY  HUNTER,  PAUl  McKAV, 
DANi^LA  01  lORlp.  SAMANTHA  B.  lOYE,  AND  CHRISTOF  MEILE 


A  BST  RAC  T.  Tcrrc-sliKil  inputs  largely  govern  iiutricni  delivery  to  the  eoostol  tx'eon, 
ond  sul'>sec]uent  processes  ti\uis(orni  these  nutrients  in  the  Lind-oceon  transition 
/one.  I  lere,  wedi'scrihe  spatial  and  tenipiM  al  patterns  in  surlace  water  chemistry 
irom  the  Duplin,  a  salt  marsh/lidal  creek  system  Kx*ated  in  coastal  Ck'orgia,  USA, 

Key  drivers ol  nutrient  concentratirni  patterns  in  the  Duplin  include  discharge 
trom  the  nearb)  Altamaha  River,  groundwater  inputs  exchange  with  the  marsh 
platform,  and  bioN^ical  processes  within  the  tidal  creek.  .Altamaha  River  discharge 
is  correlated  with  salinity  in  the  Duplin,  hut  the  pr<.>c esses  taking  place  within 
the  Duplin  watershed  rt'gulaie  the  distribution  ot  other  dissolved  and  particulate 
materials  Long-term  data  sets  advance  oiu*  undersiandingol  the  relative  im^x^rtance 
ol  these  pr<x’esses  in  generating  the  t^bserved  patterns  in  surtace  water  chemistry. 

This  knowledge  improves  our  ability  to  predict  how  coastal  systems  will  resprxid  to 
anihropr^enic  pertur  bat  ions 


INTRODUCTION 
More  than  a  I'nllion  people  live  within 
100  km  ol'  the  ocean,  and  that  number 
IS  constantly  increasing  (Small  and 
Xicholls, 2003).  Many  ol'lhese  individu¬ 
als  rely  on  coastal  and  marine  rt'sources 
lor  their  liveliluxxk  and/or  sustenance. 
At  the  sime  lime,  human  populations 
increase  nitri^en  and  phospha  iis  inputs 
to  the  coastal  <xean  through  sewage 
ellluent,  agricultural  runoik  and  indus¬ 
trial  activities  (H<Kivarth.  2008).  Ihtse 
activities  culminate  in  over-lerlilizaiion 
ot  coastal  waters  which  harms  coastal 
resources  such  as  U.sheries  through 
species  shifts,  oxygen  depletion,  and 
harmful  algal  bUxxns  (NTxon,  1995). 
FVixx's.sing  and  removal  c»f  nutrients  at 
the  land-ocean  interface  (Nixon  et  al.. 
1996).  including  in  salt  marshes  (F.evin 
el  aL.  2001),  has  the  potential  to  pro¬ 
foundly  inlluence  the  health  of  marine 
ecosystems.  When  inundated  by  tides 


ma  rshes  (i  I  ter  dissolved  a  nd  pa  r  l  ic  ula  te 
materials  irom  the  surface  water  (St umpf, 
1983).  The  chemical  signature  of  tidal  a 
creek  is  indicative  the  processc's  taking 
place  in  the  .surrounding  marsh,  the  cret'k 
bed  sed  i men  t .  a n  d  i  h  e  wa te r  c olu  m n 
(Nelson  and  Zavaleta,  2012). 

One  of  the  primary  missions  of  the 
Georgia  Coastal  Ecosystems  (GCE) 

Long  Ter  m  Eco logi ca  1  Resea i  c h  proj ec t 
is  to  identity  and  explain  patterns  in 
nutrient  c<xicenlraiions  in  the  coastal 
zone  and  how  these  patterns  inlluence 
the  ecology  of  the  region.  Here,  we  pres¬ 
ent  a  .synthesis  ol  nearly  a  decade  oi 
multidi.sciplinary  GCE  data  from  a  large 
t  id  a  I  c  rec  k  d  ra  i  n  i  ng  son  le  1 0  k  nr  of  sa  1 1 
marsh  located  in  coastal  Georgia,  USA. 
We  desci  ilxMhe  temfx>ral  and  .spatial 
patterns  in  creek  water  chemistry  and 
aim  to  a.ssiNs  the  relative  importance  of 
the  vai  ious  prtx'esses  that  drive  these 
patterns.  We  first  discuss  the  role  of 


mixing  between  riveune  fr<.'shwaier 
and  ix*ean  water  and  then  estimate  the 
importance  of  within-  watershed  pro¬ 
cesses.  including  creek  water  microL'nal 
metalxalism,  groundwater  i.lischarge,  and 
marsh  inundation  to  establish  a  concep¬ 
tual  nuxlel  ot  the  tidal  creek  system. 

THE  DUPLIN  WATERSHED 
The  Duplin  is  a  large  tidal  creek, 
approximately  12.5  km  long.  hxMted 
on  the  west  side  of  Sapelo  Island, 
Georgia,  within  the  GCE  domain  and 
the  Sapelo  Fsland  National  Estuarine 
Research  Reserve,  It  lies  approximately 
10  km  north  of  where  the  main  chan¬ 
nel  of  the  Altamaha  River  discharges 
into  the  Atlantic  Ocean.  Mie  Duplin  is 
typical  of  marsh -dominated,  tidal  creek 
watersheds  in  the  southeastern  United 
States (Wiegert  and  Freeman,  1990).  Its 
14  km^  watershed  is  composed  of  tidal 
marsh  complexes  with  upland  inlluence 
and  back  barrier  islands  (Figure  EA; 
see  also  Di  lorio  and  Castelao,  2013,  in 
this  issue).  Semidiurnal  tide's  with  an 
amplitude  of  2  to  3  m  largely  drive  cir¬ 
culation  in  the  Duplin  (Ragotzkieand 
F^ryson,  195.>;Boon.  1975),  with  some 
residual  circulation  due  to  precipitation 
and  groundwater  input.  The  lower  5  km 
of  the  Duplin  exchange  readily  with 
Dt>lx>y  Sound,  while  the  middle  and 
upper  reaches  of  the  Duplin  are  isolated 
by  its  sinuous  channel,  which  dissipates 
tidal  energy  and  mixing  (Ragotzkieand 
Bryson,  1955;  ImlxYger  et  al..  1983). 
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SPATIAL  AND 
TEMPORAL  PATTERNS  IN 
DUPLIN  CHEMISTRY 
The  Joio  presenteJ  here  ore  troni  CiCH 
monitoring  siotions  Uvoied  in  the  upper 
Duplin  (UD),  Dolxw  Sound  (DS),  and 
the  mouth  ot  the  Altamaha  River  (AR) 
(hi^ure  hV  i\R  is  kx'otcd  south  of  the 
area  shown).  Nutrient  jHimples  were  col¬ 
lected  on  consecutive  hirjh  and  kvw  tides 
every  three  months  from  2<X)1  through 
2(X)6,  and  monthly  from  2007  through 


2010.  I  his  sampling  design  hel^vd 
constrain  the  chemical  com^x>sition  ot 
four  distinct  water  parcels  within  the 
I  )u  pi i  n  \vat c  rsh  ed  .The  u pper  rea c h  es 
of  the  Duplin  were  characteri/ed  by 
mea.surements  at  low  tide  from  UD,  the 
middle  Duplin  \vas  represented  by  high 
tide  SxUnples  from  UD  and  the  lower 
Duplin  by  low  tide  samples  liom  DS, 
and  Dolx>y  Sound  was  delineated  lx 
high  tide  samples  from  DS,  Surface  water 
samples  were  collected  from  all  three 


sites  to  determine  the  ci>nccntrations  of 
inorganic  nutrients  (e,g.,  ammonium 
[NH||,  nitrate  [NOj|,  phosphate  [PO;j"l, 
and  silica  [Si|);  of  organic  materials  (e.g., 
d  issolved  orga  n  ic  c a r  bou  ( DO ( ' | ,  di s- 
solval  organic  nitrogen  [DON],  and  dis¬ 
solved  organic  phosphorus  [L')OP|);  and 
of  particulate  materials  (including  total 
suspended  solids  |  rSS|,  particulate  car¬ 
bon  [PC|,  particulate  nitrogen  [PN),  and 
chlorophyll  a  [Chl-a|).  Sample  collection 
and  analysis  methods  are  available  on  the 


upper  Duptin  Tlit*  i;reen  line  represeiu^  rhe  appioomace  boundary  ot  che  Duplin  warershed  Map  data 
Z2013Googfe(B)  Spacidl  md  lenipoia)  part ei ns  m  CXiplin  suiface  water  nutrienr  coiKeiuiauons.  Tire 
purple  boxes  lepreseric  approximate  toainons  in  {A}  of  water  nvi'ises  sampled  at  mean  tidal  elevation 
[C )  Rfldfionships  between  the  rare  of  Altamalia  Piv  ei  dischar.j''^  and  salinity  in  the  CXiplin  (',aay  dots) 
and  eXoboy  Sound  (black  docs’*  Oiound  water  discharges  into  and  surface 'water  is  expoited  ficim  both 
the  upper  (D)  and  mrddle/jowo  *:  E)  Duplin,  respectively 
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(iCE  wd'>sitc  (|o\v  cl  aL,  2(X)9). 

Conccn tro lions  ot  d issi >lvc J  inor- 
pnic  nulricnis  (rcprescnicd  by  NH  J  in 
Figure  IF)  increased  troma  niininiuni  al 
Ihe  mouili  o(  ihc  l>uplin  loa  maxiniuni 
in  Ihc  middle  Duplin  <C[)  high  lidc). 
^Ammonium  con cenira lions  also  exhib- 
iled  a  general  increase  from  spring  lo  fall 
(noi  shown),  and  maximum  concenlra- 
lions  in  ihe  middle  Duplin  were  higher 
on  spring  lhan  on  neap  lides.  Dissolved 
organic  mailer  (DOM,  represenled 
here  by  DOX  in  Figure  IB)  concenlra- 
lions  increased  from  the  mouih  oi  the 
Duplin  lo  the  upper  Duplin  and  foMii 
winier  lo  summer  (noi  shown).  DOM 
concentrations  in  the  upper  Duplin 
(UD  low  tide)  were  higher  on  spring 
lhan  on  neap  lides.  Ihe  general  spa¬ 
tial  pallern  observed  for  the  dis.solved 
materials  was  rever.sixl  for  parliculau's 
(represented  by  TSS  in  Figure  IB),  which 
had  its  minimum  conceniraiion  in  the 
up^x'i  Duplin.  TSS  concentrations  in 
the  upper  Duplin  were  higher  on  spring 
lhan  on  neap  lides. 

ALTAMAHA  RIVER  DISCHARGE 
fhe  Aliamaha  River  has  a  strong  impact 
on  the  Duplin.  Draining  approximately 
one  c]uai  ter  of  Georgia,  the  Aliamaha 
is  the  mo.sl  impxiani  source  of  fresh¬ 
water.  nutrients,  and  particulates  to  the 
Georgia  coast  (Weston  et  aL.  2009). 
t^ur  measurements  showed  that  Duplin 
salinity  varied  with  freshwater  dis¬ 
charge  from  the  river,  ranging  from 
8  to  33  at  ITT^  and  from  12  lo  34  at  DS 
(Figure  IC).  Altamaha  discharge  was 
measured  at  the  US  Geological  Survey 
gage  station  upstream  of  the  study  site 
in  Dociortown,  Georgia  (United  Slates 
Geological  Survey,  2013).  Ihe  absence 
of  any  relation.ship  Ix'tween  local 


precipitation  and  Duplin  salinity  (not 
shown)  suggests  that  Altamaha  discharge 
was  the  dominant  driver  of  salinity  in  the 
Duplin  (see  also  Di  lorio  and  C.isiclao, 
2013,  in  this  issue).  .Mlhough  Altamaha 
discharge  was  also  an  important  con- 
l rol  on  t  h e  con  cen  t  ra  t  ion  s  of  d  fssolved 
and  particulate  constituents  of  Duplin 
surface  water,  transformations  that  look 
place  within  the  Duplin  and  its  water¬ 
shed  modulated  these  concentrations. 

DUPLIN  WATERSHED 
PROCESSES 

To  evaluate  the  extent  lo  which  within- 
waiershed  processes  impacted  surface 
water  chemistry,  w  developed  a  simple 
mixing  model  in  which  the  Duplin's 
s.diniiy  was  controlled  sialely  Iw  mixing 
between  iMiamaha  River  and  Atlantic 
Ocea n  water.  .\  la  ri  n  e  en  d-  men i ber 
composition  ^^*as  represented  by  data 
from  D^Xw*  Sound  with  salinities 
greater  lhan  32.  Low  tide  measurements 
from  the  Altamaha  River,  characier- 
i/ed  by  minimum  salinities,  were  used 
to  estimate  the  chemical  com ^vasi lion 
of  the  riverine  end -member.  The  frac¬ 
tion  that  each  end- member  contributed 
to  the  composition  of  the  Duplin  was 
calculated  ba.si  d  on  the  .salinity  of  the 
Duplin  at  UD  and  the  known  salinities 
ot  the  two  end-members.  Ihis  mixing 
ratio,  combined  with  known  nutrient 
con  cen  i  rat  ion  s  of  eac  h  en  d  -  m  embe  r, 
was  used  lo  calculate  a  predicted  con¬ 
centration  of  each  chemical  constituent 
me.isured  in  the  upper  Duplin  for  each 
time  point  sampled  in  this  10-year  data 
set.  3 1 eas ured  coi icen  l  r at  i  ons  alxwc  l  h  e 
predicted  value  indicate  that  the  Duplin 
watershed  w.is  a  source  of  the  material, 
while  lower  measured  concentrations 
indicate  a  sink. 


Ihe  Duplin  marsh /creek  system  .vied 
as  a  sink  for  pai  licul.ales  throughout  the 
year  (as  repix'senied  by  TSS  in  Figure  2), 
rellecting  that  healthy  marshes  are 
etficieni  scavengei*s  of  sediment  that  is 
needed  to  maintain  and  build  the  m.vsh 
platform  to  keep  p.ve  with  sea  level  rise 
((-dierry  et  al„  2009),  *lhe  Duplin  sys¬ 
tem  was  a  sink  of  and  XHJ  in  the 
spring,  but  a  source  of  these  nutrients 
for  the  ix'st  of  the  year  (as  represented  by 
in  l-igure  2).  XD;  was  an  excep¬ 
tion  to  the  pattern  dispLwed  by  the  other 
inorganic  nutrients;  it  was  generally 
consumed  within  the  Duplin.  However, 
a  Ixief  period  of  net  X(4j  prtxluciion  in 
August  (data  not  shown)  was  i^x^erved.  a 
pattern  consistent  with  previously  docu¬ 
mented  late  summer  blooms  of  nitrifying 
micrcH>rganisms  (CailVey  et  al.,  2007; 
HoIIibaugh  el  al.,  201 1).  Finally,  the 
L^uplin  waiei'shed  w.as  a  source  of  DOM 
throughout  the  year  (as  represented  by 
D(4X,  Figure  2).  Salt  marslu's  are  highly 
prorluc live  ecosystems  knovvn  to  export 
DOM  (Dame,  1989;  Childers  et  al., 

2000).  whose  sources  are  the  vegetation 
and  pos.sibly  also  benthic  diatoms  that 
inhabit  mudtlats,  the  creek  bank,  or  the 
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crcck  Ix'd  (Porubsky,  2008).  Ihcsc  results 
induMte  ihot  mixing  between  Alt^inioho 
ond  ixvon  woter  wcis  insutficient  to 
explain  the  deserved  concentMtions  o( 
inorgonic  nutrients,  orit.ulic  molten  or 
porliculates  in  the  Duplin.  Iheretoie, 
processes  <x earring  within  the  woteY- 
shexl  mast  hove  be'cn  responsible. 

SEDIMENT  AND  WATER 
COLUMN  MICROBIAL 
PROCESSES 

There  wos  o  grt'Ot  ele'ol  ot  voriobility  in 
nutrii'nt  con  ten  trot  ions  meosiiretl  in 
L^uplin  sui  toco  waters  ovtY  the  pex  ioel 
of  this  slutly.  HoweveY.  while  nutrient 
conce'ntrotionsgenerolly  varied  with 
mixing  anti  exchange  between  vari¬ 
ous  adjacent  coastal  water  Ixxlies,  the 
ratio  of  dissolved  inorganic  nitrogen 
(DIN  =  Xnj  +  XOj)  to  dis.solved  inor¬ 
ganic  phosphorus  (DIP  =  PO;J“)  wos 
relatively  stable  (generally  <  5)  through¬ 
out  the  study  ^XY'ioiL  The  DIX  to  silica 
ratio  was  uniformly  \'ery  low.  generally 
less  than  0. 1. 

The  d*>ser\  ed  DIXiDIP  ratio  of  5: 1 
is  well  bdow  the  RedfuTd  ratio  of  16: 1. 
AlthiXigh  primary  protluction  in  coastal 


and  marine  waters  is  generally  thought 
to  be  nitrogen  limited  (Dowarth,  1988), 
DIX:D1P  ratios  alone  are  iiisulficient 
to  prove  that  the  Duplin  is  nitrogen 
limited.  However,  net  consumption  of 
DIX  and  production  of  PO;|"  within  the 
Duplin  watershed  thr«xighout  the  year 
support  the  idea  ot  nitrc)gen  limitation. 
The  presence  of  high  DIP  concentra¬ 
tions  and  low  D1X:[>IP  ratios  in  marsh 
^x>re  water  (Weston  et  at,  2(X)6)  suggests 
that  pore  tluid  exchange  likely  played 
an  important  role  in  maintainingyear- 
round  nitrogen  limitation  in  the  system. 
Mallin  et  al.  (2(X)4)  used  nutrient  addi¬ 
tion  experiments  to  conclude  that  pri¬ 
mary  prixluction  in  similar  tidal  creeks 
in  Xorth  Carolina  was  nitrogen  limited 
under  most  circumstances.  Similar  mea- 
surementNare  necessary  to  prove  nitro¬ 
gen  limitation  in  the  Duplin. 

GROUNDWATER  DISCHARGE 
Whi  le  ground  wa  ter  d  isc ha  i ge  accou nts 
tor  only  a  small  fraction  of  the  freshwater 
that  enters  estuaries,  it  contributes  large 
t]uantities  of  nutrients  and  often  rivals 
nutrient  loading  from  rivers  (Krest  et  al., 
2000;  Moore  et  al.,  2006),  To  estimate 


groundwater  discharge  into  the  Duplin, 
an  extensive  survey  ot*  vertical  and 
horizontal  flow  patterns  was  conducted 
in  August  2003  (McKay  and  Di  loria 
2(K)8).  In  conjunction  with  measure¬ 
ments  of  cross-section  area,  these  flow 
measurements  allowed  the  quantifica¬ 
tion  of  changes  in  water  storage  within 
the  up^X'r,  middle,  and  lower  Duplin, 
These  data  revealed  net  export  of  water 
Irom  the  upper  to  the  lower  Duplin 
(FTgure  ID)  and  from  the  lower  Duplin 
to  Dolxw  Sound  (Figure  IH).  This  excess 
fluid  was  attributed  to  surface-  and 
groundwater  discharge  from  the  adjacent 
marsh  and  upland.  Tlie  largest  input  of 
groundwater  was  to  the  middle  Duplin 
(ITgure  IF),  which  is  corrolxxated  by 
deserved  point  sources  ot  fresh  gnaund- 
water  discharge  (recent  work  of  author 
love)  and  elevated  radon  concentrations 
along  the  Duplin’s  main  axis  (Richard 
Peterson,  Coastal  Carolina  University, 
pers.  comin.,  April  8,  2013). 

The  XM]I  and  PO^‘ concentrations 
in  submarsh  groundwater  immedi¬ 
ately  adjacent  to  the  creek  bank  sig¬ 
nificantly  exceeded  those  in  the  Duplin 
(Figure  3C),  and  groundwater  became 
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Ft>;ute  2  Soui  sink  hdiavior  foi  the  Duplin  watvi  shed  Seasons  aie  repiesented  on  rhe  \  axes  in  these  box  and  whisker  diaoams  \Vv  -  Winter. 
Sp  =  Spnnv:.  Su  =  Summer.  F  =  Fail>  B<Aes  above  the  middle  line  in  each  plot  {hi'hc  i;iay)  lepresenc  the  waceished  actiixi  asa  source  wirli 
respect  to  tlvit  iwueiial,  while  boxes  below  the  line  (dark  r:ray)  represent  sink  behavioi  Pfiosphate  is  representative  of  most  of  die 
inoivaiiK  num*^ius.  dissolved  oi  ^inic  nitrogen  iCXdN)  is  repre sensitive  of  rhe  dissolved  oi  s^uik  nvitenals.and  total  su>j>ended  solids  (T$S)  is 
represencativf  of  paiticu lares  Chf  a  =  Chlorophyll  a 
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more  reduced  as  ii  moved  from  ihe 
upLind  through  the  morsh  i>n  Its  wny 
to  discharging  into  the  odj.iccnt  tid.d 
creek  (higure  eU).  CirounduMter  intlu- 
ence  on  surUce  water  is  higher  on  spring 
tide  than  on  neap  tide  Ix'cause  a  greater 
volume  ol  groundwater  discharges  into 
the  adlacent  creek  on  spring  compared 
to  neap  tides  (Wilson  and  Aforris, 

2012).  Iherefore,  groundwater  discharge 
affected  patterns  ot  nutrient  concentra¬ 
tions  in  Duplin  surface  water,  generat¬ 
ing  the  r^iserved  pattern  of  higher  XIIJ 
and  PO;]"concentratiarson  spring 
than  on  neap  tides. 

MARSH  INUNDATION 
'Ihe  imprint  of  marshes  on  creek  surface 
water  chemistry  depends  on  the  extent 
of  tidally  driven  interaction  lx  tween  sur¬ 
face  waters  and  marsh  platforms.  l*rom 
one-  to  two-thirds  of  the  water ntering 
the  Duplin  during  tloixhide  is  exchanged 
with  the  marsh  (Ragotzkie  and  Bryson, 
1935).  The  area  ot  marsh  tlootled  on  any 
given  tide  was  calculated  by  comparing 
a  digital  elevation  model  of  the  Duplin 
watershed  (\"iso  et  al.,  2011;  Hladik  and 
Altx'r,  2012)  with  creek  water  elevations 
measured  at  IT).  We  estimate  that  more 
than  twice  the  area  of  marsh  was  tlorKkxl 
on  a  median  spring  tide  ( 13.S  knr) 
than  on  a  median  neap  tide  (3. 1  knr). 
Iherefore,  marsh  intluenceon  l^uplin 
chemistry  should  Ix'  much  higher  on 
spring  than  on  neap  tides.  Marshes 
require  deposition  of  particulates  to 
keep  pace  with  sea  level  ri.se  (Stumpf. 
19S3).  and  marshes  in  the  Duplin  water¬ 
shed  indeed  act  as  a  sink  of  particulates 
(Chalmers  et  al.,  1983),  consistent  with 
<xir  nxxUl  analysis. 

'I'idal  marshes  vary  widely  in  their 
source/sink  LxTiavi or  with  res^xvt  to 


DOM  (Childers,  199d).  DOM  concentra¬ 
tions  in  the  up^vr  Duplin  were  higher  on 
spring  than  on  neap  tidtsi,  particularly  for 
DOC,  and  the  watershed  was  a  net  pro¬ 
ducer  of  these  materials.  These  patterns 
were  not  the  result  of  marsh  inundation, 
however,  as  Duplin  marshes  are  not  net 
exporters  of  DOC  over  tidal  time  scales 
(Chalmers  et  ak,  1 983),  T  his  suggests 
that  IxMUhic  primary  production  supplis's 
DOC  to  Duplin  surface  waters  (Porubsky, 
2008)  as  diatoms  arc  scoured  from  the 
creek  Ix'd  Lx'  higher  amplitude,  higher 
en  ergy  spri  ng  t  i d  es  ( 'I  horen  se  n .  2 004 ) . 

SYNTHESIS 

Exploration  of  tidal  creek-estuarine 
exchange  in  and  around  the  Duplin 
watershed  gave  rise  to  the  “Out welling 
Hypothesis’’ (Odum,  1968),  w  hich  states 
that  the  coastal  ocean  is  supplied  with 


nutrients  and  organic  material  through 
outwelling  from  marsh/estuarine  sys¬ 
tems.  Since  that  time,  extensive  work  has 
been  done  to  determine  hexv  salt  marsh 
s\\stem  s  prtx* ess  i  n orga  n  ic  n  ut r ients, 
organic  matter,  and  particulate  materi- 
alsfChilders  1994).  Our  moilel  results 
demonstrate  that  within -watershed 
processes  are  important  in  structuring 
surface  water  chemistry  and  export  to 
the  adjacent  estuar).  These  processes 
included  groundwater  discharge, 
exchange  ol  creek  water  with  the  marsh 
platform,  and  benthic  primary  produc¬ 
tion  (Figure  3),  Each  process  inlluenced 
each  group  of  materials  in  a  different 
way,  and  their  relative  strengths  varied 
over  seasonal  and  tidal  timescales. 

Diatoms  growing  atop  creek-bank 
sediment  protUiced  organic  matter  that 
they  exported  to  the  water  column, 
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Fiy.uie  5  Incernal  proce^^es  vvithui  the  Duplin  watershed  on  (A/arui  low  (BUidealtei 
die  chemieal  compoMCion  of  creek  water  piaconw  grcft,vin,v;  in  the  cre-ek  bed  export  disf^olved 
oi'v^amc  niaccer  {DO;Vi)and  are  represented  by  i;reen  lines  and  arrows,  rerpeccively  Particulates 
in  the  water  coluinn  (brown  docs)  are  captured  by  die  iwarsh  on  his;h  tides  (brown  anows) 
Groundwater  dow  and  dischaoreare  displayed  as  orani'eaircnvs  ((!  )ConipaiissNi  of  viroundwater 
and  surface  water'  nuri'ienc  con<:enn*ations  DIN  =  Df<solved  inors:anicnicroeen  DIP  =  Dissolved 
inor,uai  ric  phosphor  us 
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conlrihuting  to  the  <.^>scrva1  net  export 
of  DOM  from  the  Duplin  (Porubsky, 
2008).  Moxinnim  DOM  concenlrvi- 
tions  occurred  on  spring  tides  when 
strong  currents  scoured  ihe  creek  Ix'd 
(I'igurc  3A).  Ihe  Duplin  wolershed 
wos  0  net  sink  for  porticuLile  moleri- 
ols  beCiiase  they  were  coplured  by  the 
niorsh,  allowing  it  ond  the  flora  it  hosted 


to  grow  (Figure  3A).  When  marsh  plants 
died  they  were  Ixoken  down  to  DOM 
and  further  dec om^x>sed  via  mkr<^>bial 
processes  in  the  marsh  sediment  into 
inorganic  nutrients  (Figure  3).  These 
microlsial  prtx esses  drove  groundwater 
from  a  relatively  oxidi/ed  to  a  reduced 
stale  as  it  (lowed  from  the  upland  toward 
the  tidal  creek.  Nutrient  coiK\nt  rat  ions 
built  up  in  marsh  groundwater  such 
that  they  exceeded  concern  rat  ions  in  the 
adjacent  creek  water  (Figure  3C).  This 
nutrient-rich  groundwater  discharged 
into  the  creek  on  low  tides  (Figure  3P»). 
with  higher  discharge  occurring  on 
spring  than  on  neap  tides.  Thus,  the 
Duplin  watershed  was  a  source  of  inor¬ 
ganic  nutrients  to  the  estuary. 

Contrary  to  our  olxservations, 
\orbsmarly  and  LckIci  ( l^T)  docu¬ 
mented  lower  nutrient  concentrations 


on  spring  tides  than  neap  tides.  They 
attributed  these  changes  in  concentra¬ 
tion  to  uptake  by  the  surrounding  marsh 
as  it  was  fkx>ded  by  adjacent  creek  water 
on  spring  high  tides.  /Xssuming  that 
marshes  in  the  Duplin  watershed  fol¬ 
lowed  this  general  trend,  DIN  and  DIP 
inputs  from  groundwater  must  have 
more  than  offset  marsh  uptake. 


The  ba  Ian ce  between  l h e  processes 
thot  control  tidal  creek  chemical  com- 
^x>silion  shins  over  tidal  and  seasonal 
time  scales.  Quantifying  such  temporal 
variations  is  impoi  lant:  for  developing 
realistic  estuarine  nutrient  budge l.s  this 
requires  long-term  data  sets.  CTiallenges 
remain  as  sampling  strategies  typically 
lack  the  tracers  that  can  unambiguoasly 
distinguish  Ix'tween  fluids  exchanged 
with  the  marsh  platform  and  those 
exchanged  with  groundwater,  which  is 
paramount  in  order  to  quantify  nutri¬ 
ent  dynamics.  Similarly,  our  decadal 
data  ,set  cannot  systematically  capture 
e\  entssuch  as  storms,  which  can  have 
a  strong  intluence  on  the  environ - 
men  t  a  n  d  exch  a  nge  fl  uxes  ( D  re  wry 
et  al„  2009).  This  influence  can  only 
lx  quanlilud  if  these  events  are  tar¬ 
geted  for  .sampling  or  measurements 


are  coni inuoas,  as  recogni/al  in  the 
efforts  to  establish  novel  sensory  nel- 
w'orks  such  as  the  National  Ecological 
Observatory  Neiwork. 
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